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PhotoacousticsThe thermal conductivity (K), thermal diffusivity (α), and speciﬁc heat capacity (ρc) for a glass prepared from
JSC-1A lunar soil simulant were measured using a combination of open photoacoustic cell (OPC) and thermal
relaxation techniques. The values of K and α for the JSC-1A glass were (20±3) mW/cmK and (14±2) cm2/s,
respectively, and are somewhat larger than those of the comparable silicate glasses. The speciﬁc heat capacity
(ρc) for this glass was (1.44±0.07) J/cm3K, which is a little smaller than the comparable silicate glasses. Ma-
terials with high values of K and α rapidly adjust their temperature with that of their surrounding atmo-
sphere, making them more resistant to mechanical failure occurring due to thermal shock.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The National Aeronautics and Space Administration (NASA) ap-
proved and released a simulated composition of lunar regolith, called
JSC-1, to conduct research and develop technologies to support the
needs for a future human habitat on the surface of the Moon, and to
advance its space exploration program [1–4]. The JSC-1 lunar
simulant was prepared from the volcanic ash eruptions from vents
on the south side of Merriam Crater in San Francisco volcanic ﬁeld,
north of Flagstaff, Arizona, USA [5]. Supply of this simulant has been
exhausted eventually and NASA released a lunar Maria simulant ma-
terial, commonly known as JSC-1A, to the research community to
support studies related to lunar surface operation. The JSC-1A
simulant is from the same quarry as JSC-1 and has a chemical compo-
sition close to that of the JSC-1. The overall composition of JSC-1 or
JSC-1A [5] is also close to that of the lunar soil samples collected by
the Apollo 14 [6,7] and Apollo 17 [8] missions (see Table 1). The stud-
ies described herein are for a glass prepared from the JSC-1A lunar
soil simulant.
The most abundant material in the lunar soil, and so in JSC-1 or
JSC-1A, is SiO2 which is the primary ingredient for manufacturing
most of the commercial glass and glass ceramic products. Thus, there
is a high possibility that glasses can be prepared also from the lunar
soil. Since glass and glass-derived products are one of the most used
materials by mankind, any future habitat on the Moon may also ﬁnd
the use of these materials essential. Therefore, it is important to know+55 3221023312.
rights reserved.what kind of glasses can be developed from the lunar soil and what
kind of application potentials they might have.
The glass formation tendency of melts from the JSC-1 and JSC-1A
lunar soil simulants and characterization of the glasses prepared
from these simulants using X-ray diffraction analysis (XRD), differen-
tial thermal and thermo-gravimetric analysis (DTA/TGA), scanning
electron microscopy (SEM), chemical analysis for composition by in-
ductively coupled plasma atomic absorption spectroscopy (ICP-AES),
EPR and Mössbauer spectroscopy have been reported previously
[9,10]. The present work which is an extension of the previous
work [9,10], reports measurements of selected important properties,
namely, thermal diffusivity (α), thermal conductivity (K), and heat
capacity (C) for the glass prepared from JSC-1A lunar soil simulant,
so as to make the property data base for this important glass broader
and comprehensive. These properties are important to understand-
ing the response and behavior of materials that undergo adverse
thermal cycling, such as what is experienced by the surface of the
Moon. A high thermal conductivity assures a uniform temperature
distribution in thematerial, which reduces thermally induced stress-
es and, hence, improves fatigue properties. The thermal diffusivity
measures the rate at which heat is conducted or dissipated in a
material.
Among the commonly used techniques to obtain α, Photoacoustic
(PA) has been widely used due to its high sensitivity. The thermal
conductivity was obtained by volumetric heat capacity measure-
ments which allow determining the product ρc, where ρ is the den-
sity and c the speciﬁc heat. To our knowledge this is the ﬁrst time
photoacoustics and ρc have been used to determine the thermal dif-
fusivity, thermal conductivity and speciﬁc heat of JSC-1A lunar soil
simulant.
Table 1
Composition (wt.%) of the JSC-1 and JSC-1A lunar soil simulants, and of the soil samples collected from the Moon's surface by Apollo 14 and Apollo 17 missions.
Oxide components SiO2 Al2O3 TiO2 Fe2O3 MnO CaO MgO K2O Na2O P2O5 FeO
JSC-1A 45.7 16.2 1.9 12.4 8.7 10.0 8.7 0.8 3.2 0.7 -
JSC-1 47.7 15.0 1.6 3.4 0.2 10.4 9.0 0.8 2.7 0.7 7.4
Appolo 14 47.3 17.8 1.6 0.0 0.1 11.4 9.6 0.6 0.7 0.0 10.5
Appolo 17 42.2 15.7 5.1 0.0 0.2 11.5 10.3 0.1 0.2 0.0 12.4
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The glasses from the JSC-1A soil simulant were prepared by melt-
ing the simulant between 1500 and 1550 °C in platinum crucibles in
air for about 3 h. A typical melt size was approximately 50 g. Melts
were quenched on steel plates and glasses were annealed for 6 h
near the respective glass transition temperature, ~695 °C. The thick-
nesses of the samples were (230±2) μm and (500±2) μm for PA
and heat capacity measurements, respectively.
The Photoacoustic experiment was performed using a Hg–Xe lamp
(500 W). The outgoing light was modulated by a chopper (SR 540)
and an open PA cell was used. Basically this cell consists of gluing
with vacuum grease a solid sample directly above a circular commer-
cial piezoelectric microphone (see inset Fig. 1). The front chamber of
the microphone itself acts as the usual gas chamber of conventional
photoacoustics and is a minimal-volume photoacoustic system of de-
tection. Such a minimal volume corresponds to the volume of the
camera of the microphone only, which is the minimum possible vol-
ume. The use of a minimal gas chamber considerably increases the
signal-to-noise ratio and requires minimal experimental arrangements.
Periodic heating of the sample by absorption of the modulated light, pro-
duces a periodic oscillation of pressure in the chamber, causing deﬂec-
tions on the diaphragm of the microphone, generating a voltage across
a resistor. The signal is ampliﬁed by a lock-in SRS 530 which records the
amplitude and phase of the signal as a function of the chopper frequency.
Heat capacity measurements were performed according to the
procedures described in reference [11]. The bulk sample of glass
was polished and sprayed with black paint on both sides of their larg-
er surfaces. The sample while adiabatically suspended in a vacuum
sealed Dewar ﬂask, was heated with an Argon laser tuned at
514 nm and 35 mW. The laser light passes through the Dewar by
means of a transparent window. A heating curve is recorded as a
function of time via a thermocouple attached to the opposite surfaces
of the sample. Thermal paste was used to improve the thermal con-
tact. After this procedure the laser is blocked and a cooling curve isFig. 1. Microphone output voltage (PA signal) as a function of the modulation frequency
for a (230±2) μm thick glass prepared from JSC-1A lunar soil simulant. The solid curve
shows approximately a f−1,0 dependence (f−0,9). Inset: schematic diagram of an open
photoacoustic cell.obtained. In order to obtain better experimental results concerning
heat capacity measurements the sample was thinned to 500 μm
thick as the lateral dimensions of it were neglected in the calculations.
The experimental results were ﬁtted with the theoretical equa-
tions of the suitable model via Origin®. The errors of the thermal dif-
fusivity, thermal conductivity and of the speciﬁc heat capacity where
calculated from the error of the Origin® propagated jointly with the
error of the samples thickness.
3. Theory
Photoacoustics is a photothermal technique where modulated
light impinges the sample held in a photoacoustic cell. A fraction of
the incident energy is absorbed by the sample, and the heat generated
due to the non-radiative relaxation causes the temperature of the
sample to increase. The heat diffuses into the air (chamber A) adja-
cent to the sample causing its temperature to increase. For a cell
with a ﬁxed volume this produces a corresponding increase in pres-
sure which is detected by the microphone (pressure ﬂuctuations are
converted into electric current). Several models and experimental
setups have been developed to obtain the thermal diffusivity of the
sample from the measured acoustic waves. Concerning the theory of
Open Photoacoustic Cell (OPC) three processes that are dependent
upon the characteristics of the material may be found:
(1) Thermal diffusion (Rosencwaig and Gersho or RG model) [12].
The heat generated by absorption of light is diffused through
the sample by heating a thin layer of air in contact with the op-
posite surface of the sample. This thin layer is deﬁned as one
comparable to the diffusion length of air [12]. It generates a
pressure wave that results in the photoacoustic signal. This
model considers this thin layer of air as an acoustic piston to
generate the photoacoustic signal and is called the acoustic pis-
ton model of Rosencwaig and Gersho [12]. For the regime of
(thermally thick) sample, the photoacoustic signal decreases
exponentially with the frequency modulation, given by Eq. (1):
S ¼ A
f
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ﬃﬃ
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, ls is the sample thickness and α is the ther-
mal diffusivity. A thermally thick or thin sample is deﬁned
according to Ref. [12], where the sample thickness is compared
with the thermal diffusion length of the material. The constant
A includes all residual factors such as the (gas thermal proper-
ties). In this case, the phase ϕ depends on the modulation fre-
quency f by the relation:
ϕ ¼−π
2
−a
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p
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This RG process is generally valid in the low frequency range,
preferably for f where (f/fc)1/2b0.4 [13]. Here fc is the frequen-
cy where the sample thickness is equal to the length of thermal
diffusion.
(2) Thermo-elastic bending [12]. It may be applied in the case of
plate-shaped solid samples surrounded by air. Basically this
contribution takes into account the bending of the sample
Fig. 2. Phase of the PA signal as a function of modulation frequency for the JSC-1A
lunar soil simulant glass.
Fig. 3. Cooling curve of the speciﬁc heat capacity measurements for a (500±2) μm
thick JSC-1A lunar soil simulant glass as a function of time.
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along the direction of light incidence (z-axis). As a result, a
z-dependent thermal expansion occurs which produces a
strain perpendicular to the z-axis, and causes the sample to
bend. The result is a vibrating sample acting as a drum, thereby
contributing to the PA signal. In this case [12], the PA signal
presents, in the thermally thick region, a f−1 frequency depen-
dence as well as a phase that tends to π/2 whose expression is
given by:
ϕel≈
π
2
þ arctan 1
.
a
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f
p
−1
h i
ð3Þ
(3) Thermal dilatation. In this mechanism the PA signal also pre-
sents a f−1.0 dependence in the thermally thick region [16].
However, the photoacoustic phase is independent of the mod-
ulation frequency. This mechanism is hardly seen in the OPC
conﬁguration. The reason is that the previous models (RG
and thermo-elastic bending) give much higher photoacoustic
signal than the thermal dilatation model [13].
The appropriate mechanism that is applicable to a speciﬁc materi-
al is determined by observing the photoacoustic signal and phase in
OPC measurements as a function of the modulation frequency.
In order to obtain the heat capacity of solids, the thermal relaxa-
tion method is used. It relies in the record of the thermal heating or
thermal relaxation of the sample as a function of time in the presence
or absence of illumination. The heat capacity is related to the time the
sample takes to heat or to cool through the relation [11]:
ΔT ¼ T f−T0 ¼
T4f−T40
4T30
 !
1− exp t
.
τr
  
; ð4Þ
where two considerations are used: a) only radiation losses are taken
into account and (b) the temperature changes induced by the illumina-
tion are small compared to the surrounding environment temperature.
In Eq. (4), Tf is the temperature when the sample reaches the equilibri-
um, T0 is the initial temperature of the sample, τr=ρcls/8σT03 where ρc
is the speciﬁc heat capacity, and σ is the Stefan–Boltzmann constant.
4. Results
Fig. 1 shows the log-log plot of the PA signal for a (230±2) μm thick
glass prepared from JSC-1A lunar soil simulant as a function of themod-
ulation frequency between 150 and 400 Hz. From this ﬁgure, in the fre-
quency range of 150 to 400 Hz the sample is in the thermally thick
regime,where the thickness of the sample is larger than the thermal dif-
fusion length of the sample [12]. It presents a f−0,9 dependence which
suggest a thermal bending mechanism or thermal dilatation mecha-
nism. In order to identify the exact controlling mechanism we investi-
gated the PA phase. This is shown in Fig. 2. The ﬁtting of this curve is
in agreement with what can be expected for the thermoelastic model;
for the thermal dilatation model the phase should be constant which
is not the case. Once the underlying photoacoustic mechanism is iden-
tiﬁed to be thermoelastic, the value of “a” can be determined using
Eq. (3) and that of α (thermal diffusivity) can be calculated using the re-
lation, a ¼ ls
ﬃﬃﬃﬃﬃﬃﬃﬃ
π=α
p
which is (0.014±0.002) cm2/s for the JSC-1A glass.
The thermal relaxation data of the glass ((500±2) μm thick)
obtained as a function of time for the speciﬁc heat capacity measure-
ment are shown in Fig. 3. The data points, when ﬁtted using Eq. (4),
(solid line in Fig. 3) yield a value of ρc as (1.44±0.07) J/cm3K. The
thermal conductivity, K, was then calculated using the expression,
K=αρc, which is (0.020±0.003) W/cmK for the JSC-1A glass. For
comparison, the values of thermal conductivity, thermal diffusivity
and ρc obtained from the present measurements for the JSC-1Aglass have been shown in Table 2 along with those for some standard
silicate glasses [14,15].
5. Discussion
The heat propagation in disordered materials is usually under-
stood in terms of the Debye model, where the thermal conductivity
is proportional to:
K∝cvl ð7Þ
where c is the volumetric heat capacity, v is the average phonon ve-
locity and l, the mean free path of phonons. If the lattice interactions
were harmonic, one should expect very high values for the mean free
path, and consequently, high thermal conductivities. Nevertheless,
small values of l result from anharmonic terms, that limit the mean
free path by coupling together the various lattice vibrations. More-
over, the mean free path is usually limited by geometrical effects as-
sociated with the disordered nature of glasses. In other words, the
thermal properties of glass are interpreted in terms of an approxi-
mately constant mean free path for lattice phonons, usually of the
order of magnitude of the scale of structural disorder at the atomic
or molecular level. As a consequence, the thermal conductivity is
dominated by the heat capacity and phonon velocity and it is normal-
ly lower than the respective crystalline form of the glass components.
Table 2
Thermal properties of the glass prepared from JSC-1A lunar soil simulant compared to some standard silicate glasses.
Glass composition
(mol%)
ρc
(J/cm3K)
α
(10−3 cm2/s)
K
(mW/cmK)
Ref.
JSC-1A 1.44±0.07 14±2 20±3 This
work
39SiO2–25Al2O3–31.4CaO–4.1MgO 2.30±0.06 4.9±0.2 11.2±0.8 [14]
74SiO2–13Na2O–10.5CaO–1.3Al2O3–0.3K2O,–0.2SO3–0.2MgO–0.04Fe2O3–0.01TiO2 2.04 Not
reported
9 to 13 [15]
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changes in network topology of disordered materials, such as glasses.
It has been assumed that the thermal conductivity of a glass de-
creases when the composition of the glass is more complex, due to
the shortening of phonon mean free path that results from the in-
creasing disorder of the glass structure. To understand and interpret
the effect on the thermal conductivity by adding monovalent or diva-
lent oxides, the effect of such oxides on the geometrical arrangement
of the building units of the glassy network need to be considered. In
this sense we can observe that the JSC-1A is a complex glass that
leads to the conclusion it should have low thermal conductivity. How-
ever, the presence of Fe2O3 that is a very efﬁcient thermal conductor
makes the JSC-1A glass a good thermal conductor when compared
with other complex glasses. According to reference [17], the thermal
conductivity of Fe2O3 is 150 mW/cmK. Similar results were also found
for iron phosphate glasses, with elevated fraction of Fe2O3 [18].
6. Conclusion
The thermal diffusivity, thermal conductivity, and speciﬁc heat ca-
pacity of a glass prepared from the JSC-1A lunar soil simulant were
measured by open photoacoustic cell and thermal relaxation tech-
niques. The glass from the JSC-1A soil simulant is characterized to
have a high thermal conductivity when compared with other glasses
with similar composition. The effect is attributed to the presence of
Fe2O3 in the JSC-1A composition. Substances with high thermal diffu-
sivity rapidly adjust their temperature to that of their surroundings,
because they conduct heat quickly in comparison to their volumetric
heat capacity. The simulated lunar glass therefore may be a suitable
material for use in the construction of habitats and landing surfaces
for space vehicles since, from thermal point of view, it could respond
well to large temperature variation that occurs on the Moon.
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